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Cyclin-dependent kinases (CDKs) are at the heart
of eukaryotic cell-cycle control. The yeast Cdc2/
CDC28 PSTAIRE kinase and its orthologs such as
the mammalian Cdk1 have been found to be indis-
pensable for cell-cycle progression in all eukaryotes
investigated so far. CDKA;1 is the only PSTAIRE
kinase in the flowering plant Arabidopsis and can
rescue Cdc2/CDC28 mutants. Here, we show that
cdka;1 null mutants are viable but display specific
cell-cycle and developmental defects, e.g., in
S phase entry and stem cell maintenance.We unravel
that the crucial function of CDKA;1 is the control of
the plant Retinoblastoma homolog RBR1 and that
codepletion of RBR1 and CDKA;1 rescued most
defects of cdka;1mutants. Our work further revealed
a basic cell-cycle control system relying on two
plant-specific B1-type CDKs, and the triple cdk
mutants displayed an early germline arrest. Taken
together, our data indicate divergent functional
differentiation of Cdc2-type kinases during eu-
karyote evolution.
INTRODUCTION
Since fungi are more closely related to metazoans than either
group is to plants, analysis of the plant cell cycle is useful to
triangulate regulatory mechanisms in early eukaryotes and
understand evolutionary trajectories of cell-cycle control during
two billion years of evolution (Keeling et al., 2005; Cross et al.,
2011). Interestingly, homologs for many of the core cell-cycle
regulators of metazoans are present in the flowering plant
Arabidopsis, including cyclin-dependent kinases (CDKs),
cyclins, and the Retinoblastoma (Rb) homolog RB-RELATED1
(RBR1) suggesting that the eukaryotic ancestor had already
an elaborated cell-cycle control system. Moreover, similar to
animals, flowering plants contain CDKs in small gene families1030 Developmental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevi(Satyanarayana and Kaldis, 2009; Gutierrez, 2008; Inze´ and De
Veylder, 2006), but the genetic framework of cell-cycle control
in plants is not very well characterized and the specific functions
of most plant family members are still poorly defined; for
instance, it is unclear which CDKs control RBR1 in vivo.
Two classes of CDKs, CDKAs and CDKBs, have been in
particular implicated in core cell-cycle regulation in plants
(Gutierrez, 2008; Inze´ and De Veylder, 2006). CDKBs are plant-
specific kinases and comprise four members divided in two
subfamilies, CDKB1 and CDKB2, that are characterized by
PPTALRE and PS/PTTLRE cyclin-binding motifs, respectively.
CDKB1s have been thought to control M phase especially
during leaf pore (stomata) development (Boudolf et al., 2004;
Xie et al., 2010). Arabidopsis plants with altered levels of
CDKB2 demonstrated that CDKB2 influences the tissue organi-
zation in plant stem-cell niches (Andersen et al., 2008). CDKA;1
is the only Arabidopsis CDK that contains the conserved
PSTAIRE cyclin-binding motif found in yeast CDC28p/Cdc2+
and mammalian Cdk1/Cdk2/Cdk3 proteins. CDKA;1, in contrast
to CDKB1;1, can complement yeast cdc28 and cdc2 mutants
(Ferreira et al., 1991; Hirayama et al., 1991; Porceddu et al.,
1999). CDKA;1 from Arabidopsis and CDKA proteins from
other plants species localize to mitotic structures and show an
activity peak at the entry into mitosis suggesting an important
role of CDKA;1 during mitosis similarly to Cdk1 (Stals et al.,
1997; Weingartner et al., 2001; Menges and Murray, 2002).
Consistently, in heterozygous cdka;1 mutants, the second
mitotic division during pollen development is delayed or absent,
resulting in mature pollen with only a single instead of two sperm
cells (Iwakawa et al., 2006; Nowack et al., 2006). The cdka;1
pollen can fertilize the female gametophyte, but causes seed
abortion due to failure of double fertilization (Nowack et al.,
2006; Aw et al., 2010). No homozygous mutant seedlings
could be recovered previously, suggesting an essential role of
CDKA;1 controlling the mitotic cell cycle (Hemerly et al., 2000;
Iwakawa et al., 2006; Nowack et al., 2006).
Here, we investigated the role of CDKA;1 as the central CDK
in Arabidopsis cell-cycle progression. Unexpectedly, we found
that cdka;1 null mutants, although severely compromised, are
viable. Our work shows that CDKA;1, in contrast to mammalian
Cdk1 but similar to Cdk2, primarily controls DNA replicationer Inc.
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features of both mammalian Cdk1 and Cdk2 kinases.
Conversely, mitosis in Arabidopsis does not rely exclusively on
a PSTAIRE kinase, in contrast to the situation in yeast and
animals. Our work revealed partial redundancy among the
divergent A- and B1-type Cdks in controlling S phase entry
and mitosis suggesting that during Cdk evolution in eukaryotes
a different distribution of labor in the plant versus the animal
lineage was reached.
RESULTS AND DISCUSSION
Homozygous cdka;1 Mutants Complete Embryogenesis
Analyses of the progeny of heterozygous cdka;1 mutants in
Arabidopsis and transgenic lines overexpressing a dominant
negative CDKA;1 version (CDKA;1DN) suggested an essential
role for CDKA;1 during embryo development (Hemerly et al.,
2000; Iwakawa et al., 2006; Nowack et al., 2006). However,
due to the early abortion caused by the fertilization defect of
cdka;1 mutant pollen, embryonic phenotypes are masked in
the progeny of heterozygous cdka;1mutant plants. To determine
the developmental defects of CDKA;1-deficient embryos,
we used a homozygous cdka;1 mutant complemented by a
hemizygous PROCDKA;1:CDKA;1:YFP construct mimicking
heterozygous cdka;1 mutants (Nowack et al., 2007). In these
plants, homozygous cdka;1 mutant embryos should be recog-
nizable by the absence of YPF fluorescence.
As expected, we found undersized early-aborting seeds
containing few-celled, YFP-negative embryos, presumably
generated by the failure of double fertilization by cdka;1 mutant
pollen (Nowack et al., 2006; Aw et al., 2010). Surprisingly, we
also found that a subclass of YFP-negative embryos that
contained fewer and larger cells than the wild-type and detailed
microscopic analyses of cdka;1 heterozygous plants without the
tracer construct revealed that these embryos developed retard-
edly from globular stage onward (Figures S1A–S1J available
online). During the maturation phase, however, the few-celled
embryos caught up in development filling the seed just as wild-
type embryos during the late stages of seed development but
only 10% of the cells of the wild-type (Figures 1A and 1B).
PCR-based genotyping confirmed these embryos as homozy-
gous cdka;1 mutants (Figures S1W–S1X). In contrast, Cdk1
knockout mice die during very early embryogenesis and cannot
be rescued by the expression of Cdk2 (Santamarı´a et al., 2007;
Satyanarayana et al., 2008). The viability of cdka;1 mutants
represents, to our knowledge, the first case in which an eukary-
otic organism can complete embryogenesis without any
PSTAIRE-type Cdk.
CDKA;1 Activity Is Required for Entry into S Phase
The identification of mature cdka;1 homozygous embryos raised
the hypothesis that cdka;1 mutants might germinate and initiate
postembryonic development. As no homozygous plants had
been recovered when seeds had been germinated on soil, we
plated all seeds of a defined number of siliques from two
cdka;1mutant alleles on agar plates. Approximately 5%of seeds
(cdka;1-1: 4.0%, n = 1031; cdka;1-2: 4.8%, n = 1176) germinated
tardily and produced tiny plantlets (Figures 1C and 1D). Geno-
typing confirmed them as homozygous cdka;1 mutants andDevelopmtranscript and protein analyses revealed that both cdka;1 alleles
represent bona fide null mutants (Figure 1E; data not shown).
A prominent feature of cdka;1 homozygous mutant seedlings
was the increased cell size. The average cell size (± SD) of
wild-type cotyledons and the first pair of rosette leaves was
found to be 38 ± 7 mm2 (n = 656) and 26 ± 3 mm2 (n = 675), respec-
tively. In contrast, cdka;1 mutants had approximately double
cell area with an average of 78 ± 18 mm2 (n = 240) cotyledon
cell size and a size of 48 ± 11 mm2 (n = 574) for cells of the first
two leaves (Figures 1C and 1D, inlays). After germination, the
above ground organs of cdka;1 mutants developed slowly, but
continuously. The shoot apical meristem (SAM), the stem cell
population that generates all aerial structures, was correctly
specified as seen by the expression of the meristem marker
genes WUSCHEL (WUS) and SHOOTMERISTEMLESS (STM)
in a wild-type-like domain organization (Figures 2A–2F; Sablow-
ski, 2011). Homozygous cdka;1 mutants could be distinguished
by the lack of root growth, strongly reduced cotyledon expan-
sion and hypocotyl elongation (Figure 1D), minute rosette leaves
(Figure 1G), and the formation of completely sterile flowers
consistent with previous observations that CDKA;1 is crucial
for the meiotic cell cycle (Dissmeyer et al., 2007; Bulankova
et al., 2010). The rosette leaves of cdka;1 mutants generated
all epidermal cell types. In contrast to the increased cell size of
pavement cells (Figure 1D), trichomes (single-celled leaf hairs)
were undersized and mostly unbranched, when compared to
the large and three- or four-branched wild-type trichomes
(Figures 1I–1J).
In yeast and metazoans, high levels of CDC28p/Cdc2+ or
Cdk1 activity are needed for entry into M phase and even a slight
reduction of their activity results in G2 arrest or endoreplication
(Coudreuse and Nurse, 2010; Kiang et al., 2009). However,
flow cytometry of entire plants without roots but including both
fully differentiated leaves as well as leaves with proliferating cells
revealed a strong accumulation of cdka;1 cells in the G1 phase,
i.e., before S phase entry, while most cells of wild-type rosette
leaves exit in a G2 phase (Figures 3A, 3B, and 3E). Furthermore,
cdka;1 mutants show a drastically reduced endoreplication
index and small nuclei in trichomes, cells that are usually highly
endoreplicated (Figures 3F–3J). Notably, this flow cytometric
profile does not exclude a function of CDKA;1 for M phase and
indeed, several lines of evidence have indicated that CDKA;1
also acts during mitosis (Stals et al., 1997; Weingartner et al.,
2001; Menges and Murray, 2002). However, we conclude that
CDKA;1, in contrast to animal Cdk1 (Hochegger et al., 2007), is
primarily required for entry into S phase. With this respect,
CDKA;1 functions rather like Cdk2 in animals. Yet, a function
of Cdk2 in mitosis has not been identified so far and Cdk2 is
generally not able to complement yeast cdc2 cdc28 mutants
(Paris et al., 1991; Meyerson et al., 1992; Ninomiya-Tsuji et al.,
1991).
CDKA;1 Activity Is Crucial for Root Stem Cell Function
In comparison to the shoot, root development wasmore severely
affected in cdka;1 mutants. Root growth ceased in most cases
before the primary root reached a size of one centimeter, and
only occasionally, short-lived secondary roots emerged near
arrested root tips. The analyses of stem-cell markers revealed
that root meristem identities such as the columella initials, theental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevier Inc. 1031
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Figure 1. Homozygous cdka;1 Mutants Are Compromised but Viable
(A and B) Mature wild-type (wt) (A) and cdka;1 mutant embryo (B). Insets show the adaxial epidermis of a cotyledon with extremely enlarged cells in cdka;1.
(C and D) Wild-type (C) and cdka;1 mutant seedling (D) 5 days after germination (dag). Insets show the adaxial epidermis of cotyledons.
(E) Western blot for CDKA;1 from wild-type (wt) and cdka;1-1 (1-1) and cdka;1-2 (1-2) mutant plants. Asterisk marks truncated CDKA;1 protein in cdka;1-1.
A replicated gel was stained with CBB (Coomassie Brilliant Blue) to show equal loading.
(F–H) Representative plants of the wild-type (F), the cdka;1 mutant (G), and a double homozygous cdka;1 rbr1-2 mutant (H) at 28 dag.
(I–L) Scanning electron micrographs of the adaxial leaf epidermis of fully differentiated leaves in wild-type (I) and cdka;1 mutant (J) with small, unbranched
trichomes (arrowheads). The trichome stature is restored in cdka;1 rbr1-2 doublemutants, arrowheads indicate islands of overproliferating cells, shown in detail in
the inset (K). In cdka;1/ PROCDKA;1:CDKB1;1 rescue plants (referred to as CDKB1;1 rescue), small underbranched trichomes persist (L).
Scale bars in (A) and (B) and (I)–(L), 100 mm; in (C), (D), and (G), 1 mm; in (F) and (H), 1 cm. Insets in (A), (B), and (K) cover 0.025 mm2, in (C) and (D) 0.25 mm2.
See Figure S1.
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were overall correctly initiated in the cdka;1 mutants (Figures
2G and 2H; Figures S2A–S2D) (Benfey and Scheres, 2000).
However, the marker signals diminished during postembryo
development and no marker expression could be detected
in terminally arrested roots (Figures 2H–2J). In these roots,
columella cells frequently trans-differentiated into root hair cells,
indicative of loss of columella fate (Figure 2J). Furthermore, the
starch granules characteristic of root cap cells could rarely be
detected, corroborating the finding that columella cells were
unable to maintain their identity in arrested cdka;1 roots (Figures
S2E and S2F). Taken together, CDKA;1 function in roots
promotes cell proliferation of the stem cell daughters that1032 Developmental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevigenerate all tissues of the root, but is also required to sustain
meristem function and the maintenance of stem cell identity.
RBR1 Deficiency Largely Restores Developmental
Defects of cdka;1 Mutants
An important target of CDK action in mammals is the inactivation
of the Rb protein (pRb) that controls the entry into S phase via the
E2F pathway (Weinberg, 1995; Dyson, 1998). The loss of stem
cell identity in cdka;1 homozygous mutants was reminiscent of
the previously reported effect of induced local overexpression
of RBR1 in Arabidopsis roots (Wildwater et al., 2005). Further-
more, the prominent G1/S block in cdka;1 mutants suggested
that RBR1 might be a crucial target of CDKA;1 activity in planta.er Inc.
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Figure 2. Shoot and Root Apical Meristems in cdka;1 Mutants Are Differentially Affected
(A and B) Semithin sections of the shoot apical meristem (SAM) in the wild-type (A) and cdka;1 mutant (B).
(C–F) mRNA detection by in situ hybridization of STM (C and D) and WUS (E and F) in SAMs of the wild-type (C and E) and cdka;1 mutant (D and F). The purple
staining indicates the accumulation of the respective transcript. No specific pattern was observed with the sense strand.
(G–L) In wild-type root tips, different stem cells are grouped around a quiescent center (QC) formed by a few slowly dividing cells that express the transcription
factor WOX5 (Sarkar et al., 2007; Benfey and Scheres, 2000). Distal to the QC lies a layer of stem cells that generate the starch-containing root cap (columella)
cells. Adjacent to the columella stem cells are stem cells that produce the lateral root cap and the root epidermis. Expression of WOX5:GFP in the QC in the
wild-type (G) and the cdka;1 mutant at 5 dag (H). WOX5:GFP expression fades away successively in arresting roots between 10 dag (I) and 14 dag (J). Root
hairs are formed in the presumptive position of columella cells (arrowhead). (K) and (L) Expression of WOX5:GFP in a cdka;1 rbr1-2 rescue plant (K), and
a cdka;1PROCDKA;1:CDKB1;1plant (L), both rescues showing reconstitution of the WOX5 expression domain.
Scale bars in (A)–(F), 50 mm, and in (G)–(L), 20 mm.
See Figure S2.
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kinase activity in cdka;1 mutants was found against the
generic substrate bovine histone H1 and RBR1 from Arabidopsis
(Figure 4C). However, both substrates were only weakly
phosphorylated when compared with wild-type extracts,
suggesting that CDKA;1 is responsible for the majority of the
kinase activity against histone H1 and RBR1 in vivo. In addition,
we found that homozygous cdka;1 mutants did not show
any activity against the recently identified CDKA;1 substrate
GLUTATHIONE PEROXIDASE 2 (GPX2) (Figure 4D) (Pusch
et al., 2011).
These data imply that RBR1 is hyperactive and therefore
RBR1 target genes should be repressed in cdka;1 mutants. To
identify loci directly controlled by RBR1, we performed chro-
matin immunoprecipitation (ChIP) experiments in plants that
produce an RBR1:RFP fusion protein (Ingouff et al., 2006). Direct
binding of RBR1:RFP to the promoter sequences of genes
important for S phase entry (PCNA1, CDC6, two MCM and two
ORC genes) was verified (Figure 4A). We also identified the
plant-specific CDKB1 kinases as direct RBR1 targets com-
plementing previous experiments showing that E2Fa activates
the expression of CDKB1;1 (Figure 4A) (Boudolf et al., 2004).
Remarkably, CDKB1;2 has no canonical E2F consensus site in
the 1.14 kb region upstream of the start codon. However, given
that CDKB1;1 and CDKB1;2 act redundantly (see also below)
(Xie et al., 2010), we scanned the upstream region of CDKB1;2Developmand found several promoter fragments precipitating with RBR1
(Figure S3). Thus, CDKB1;1 and CDKB1;2 are not only function-
ally redundant, but also are similarly regulated. We found that all
targets identified here by ChIP were statistically significantly
downregulated (one-way ANOVA test) in cdka;1 mutants versus
the wild-type supporting a key role of CDKA;1 for regulating
S phase entry (Figure 4B). Furthermore, these results suggest
a kinase cascade in which CDKA;1 triggers CDKB1 activity by
RBR1 inactivation, contributing to elevated kinase activity during
DNA replication, reminiscent of sequential waves of CDK-cyclin
activation seen in mammalian cells (Sherr and Roberts, 1999;
Dyson, 1998; Weinberg, 1995).
To assess the biological relevance of these data at the tissue
and organism level, we combined the cdka;1 mutant with each
of two independent rbr1 mutant alleles, rbr1-2 and rbr1-3
(Ebel et al., 2004). Whereas rbr1-3 is a null allele (Johnston
et al., 2010), we discovered that rbr1-2 showed a previously
unrecognized temperature-dependent phenotype (Figures
S4A–S4F). In the offspring of double-heterozygous cdka;1+/
rbr1-2+/ and cdka;1+/ rbr1-3+/ plants, cdka;1 homozygous
plants were viable on soil and showed a large restoration of
growth deficiency, though remaining sterile (Figure 1H).Whereas
for the rbr1-3 allele only homoheterozygous cdka;1/ rbr1-3+/
rescue plants could be recovered, combination of cdka;1 with
rbr1-2 resulted in double homozygous mutant plants that grew
more vigorously under restrictive conditions than the cdka;1/ental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevier Inc. 1033
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Figure 3. cdka;1 Mutants Have S Phase Defects
(A–D) Representative ploidy profiles of a whole wild-type plant at 14 dag (A), a cdka;1mutant at 70 dag (B), a double homozygous cdka;1 rbr1-2mutant at 14 dag
(C), and a cdka;1PROCDKA;1:CDKB1;1plant at 14 dag (D). Endoreplication is restored in the cdka;1 rbr1-2 mutant.
(E) G1/G2 ratio expressed as the percentage of cells in G1 phase in the wild-type (Col-0), cdka;1mutants (cdka;1-1 and cdka;1-2), cdka;1 rescue plants by RBR1
depletion (rbr1-2 and rbr1-3 rescue), and cdka;1PROCDKA;1:CDKB1plants (CDKB1;1 and CDKB1;2 rescue, respectively). cdka;1 mutants and all rescue plants
have a significantly higher proportion of G1 cells than the wild-type Col-0 (p > 0.001, determined by an F-test).
(F) Endoreplication index (EI) representing the amount of endoreplication in the same genotypes as in (E). The letters a to e indicate the significance groups
determined by a Fisher’s unprotected LSD test. Genotypes with same letters are not significantly different at the 5% significance level. The EI is restored in the
rbr1-2 rescue but not in the CDKB1 rescue plants.
(G–J) Similar size and staining intensity of DAPI-stained nuclei of undifferentiatedmeristem tissue in the wild-type (G) and of epidermal cells in a fully differentiated
cdka;1 leaf (H). Endoreplication in wild-type trichomes that contain large nuclei (I) and the undersized cdka;1 trichomes small nuclei (J) comparable those in
meristematic wild-type tissue.
Error bars in (E) and (F) represent the SE.
See Figure S4.
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of cdka;1 (Figures S4G–S4I).
Ploidy analysis revealed the restoration of S phase progres-
sion with a wild-type-like pattern of endoreplication and fully-
sized trichomes in cdka;1 rbr1-2 double mutants (Figures 1K,
3C, and 3F). Consistently, we found that for most (6/8) of the
above-identified RBR1 target genes (CDKB1 and S phase
control genes), transcript levels were significantly higher in
cdka;1 rbr1-2 than in cdka;1 (Figures 4A and 4B); for one gene
(ORC1A) a similar trend was observed but was not found to be
statistically significant. Finally, for one gene, CDC6, the expres-
sion did not increase after depletion of RBR1 function in a cdka;1
mutant background. However, given the complex regulatory
action of Rb and the presence of activatory and inhibitory E2F1034 Developmental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevicomplexes (Magyar et al., 2012; van den Heuvel and Dyson,
2008; Van Leene et al., 2011), it is not surprising that different
effects were observed and that some expression levels did not
fully reach wild-type levels. Importantly and consistent with
the general trend of at least partial re-establishment of gene
expression levels in cdka;1 rbr1-2 versus cdka;1 mutants, we
found that plant growth and development was largely restored.
The QC and the surrounding root stem cells were not only
correctly specified, but also lastingly retained their meristematic
fate although the tissue pattern of the root tip was still slightly
disturbed (Figure 2K). Similarly, the columella cells maintained
their fate (Figure S2G).
The restoration of cdka;1-related defects by codepletion of
RBR1 together with the reduced kinase activity levels againster Inc.
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Figure 4. cdka;1 Mutants Have S Phase Defects
(A) Chromatin immunoprecipitation (ChIP) with transgenicPRORBR1:RBR1:RFP lines and anti-RFP antibody ormock treatment. The promoter regions ofCDKB1;1
(B1;1) and CDKB1;2 (B1;2), the known E2F/RBR1 targets PCNA1 and CDC6, and the predicted E2F target genesMCM2, MCM5, ORC1A, ORC3 are enriched in
RBR1:RFP, whereas the heterochromatic regions (LB25, LB35, and RB32.5) show no difference between mock and treatment.
(B) qRT-PCR expression analysis of RBR1-target genes. Genes that show RBR1 binding (A) display reduced expression level in whole seedlings of cdka;1
mutants compared to wild-type at 20 dag, which is partially restored in the cdka;1 rbr1-2 double mutant in most of the cases. The mean and SD of three to four
biological replicates is shown as fold change with respect to wild-type. Statistical significant changes between thewild-type and cdka;1, and between cdka;1 and
cdka;1 rbr1-2 (according to a one-way ANOVA test on log transformed normalized relative quantities) are marked by two asterisks above the respective bars.
(C) CDKs purified from the wild-type (wt), cdka;1-1 (1-1) and cdka;1-2 with Sepharose beads coupled to different CKS homologs (Arabidopsis CKS1 or human
Cks1) and subjected to western blot for CDKA;1 (top), kinase assays against bovine histone H1 (middle), and full-length RBR1 (bottom). Wild-type lysates
incubated with Sepharose were used as a mock (m). CBB staining as loading control. The CKS-associated proteins from cdka;1mutants have kinase activities.
(D) CDKs purified from the wild-type (wt) and cdka;1-1 (1-1) with p13suc1-sepharose beads and subjected to kinase assays against GST-His6 or HisGST-GPX2
(left). CBB staining shows the equal loadings (right). The p13suc1-associated protein kinases from cdka;1 mutant do not have the activity.
(E) StrepIII-tagged CDKA;1 (A;1) and CDKB1;1 (B1;1) coexpressed with HisGST fused to CYCA2;3 (left) or CYCD3;1 (right). Proteins bound to each cyclin were
subjected to western blot for Strep-Tactin-HRP (top), kinase assays against bovine histone H1 (middle), and full-length RBR1 (bottom). CBB staining as loading
controls. Cyclin expressed without CDK was used as a control (). Note that CDKB1;1 can phosphorylate RBR1.
Error bars in (A) and (B) represent the SE.
See Figure S3.
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specific antagonistic players in a single pathway to control cell
proliferation and differentiation in plants. The finding that partic-
ularly CDKA;1 is part of the CYCD-RBR1 network, separate form
the mitotic network, is also supported by the recent analysis of
protein-protein interaction networks of plant cell-cycle regula-
tors (Van Leene et al., 2011). In contrast, the phosphorylation
of Rb is themajor task of Cdk2 and Cdk4 but not Cdk1 in animals
(Satyanarayana and Kaldis, 2009). Thus, Arabidopsis CDKA;1
combines features of Cdk1 and Cdk2.
CDKB1 Kinases Can Govern the Cell Cycle in the
Absence of CDKA;1
The rescue of proliferation in cdka;1 rbr1 double mutants indi-
cated a previously unrecognized basic cell-cycle machineryDevelopmworking independent of CDKA;1. As CDKB1 genes were direct
targets of RBR1, we asked whether CDKB1s could substitute
CDKA;1 function. To answer this, we uncoupled the expression
of CDKB1;1 and CDKB1;2 from RBR1 regulation by expressing
them under the PROCDKA;1 promoter in the cdka;1mutant back-
ground. Both moderate and high expression levels of CDKB1;1
and CDKB1;2 caused a partial rescue of cdka;1 mutants, i.e.,
the general proliferation performance, including root growth
and viability on soil (data not shown). Analysis of root stem cell
markers in the cdka;1 PROCDKA;1:CDKB1;1 rescue plants
showed a general restoration of root tip architecture. However,
the root tip still contained fewer and larger cells than in wild-
type or cdka;1 rbr1-2 root tips (Figure 2L). Furthermore,
trichomes remained underbranched and small in size when
compared to thewild-type and to the cdka;1 rbr1-2 rescue plantsental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevier Inc. 1035
Table 1. Transmission of Mutant Alleles through the Female and
Male Germline
Maternal
Genotype
TE Female
(%) n c2
TE Male
(%) n c2
cdka;1 102 192 0.188 21a 192 120.333
cdkb1;1 100 96 0.000 92 96 0.222
cdkb1;2 100 96 1.640 79 96 1.389
cdkb1;1;
cdkb1;2
96 96 0.222 92 96 0.056
cdka;1;
cdkb1;1
73a 181 13.265 17a 185 126.535
cdka;1;
cdkb1;2
103 192 0.188 13a,b 174 132.782
cdka;1;
cdkb1;1;
cdkb1;2
15a 192 140.083 14a 192 143.521
The transmission efficiency (TE) is calculated by dividing the F1 individ-
uals by the number of mutant F1multiplied by 50%.Without transmission
defects, the TE is expected to be 100%.
aSignificantly distorted segregation if compared to the wild-type, as
determined by a c2 test for one degree of freedom (c2 > 3.84).
bSignificantly distorted segregation if compared to cdka;1, as determined
by a c2 test for one degree of freedom (c2 > 3.84).
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showed no restoration of the endoreplication index, and as
cdka;1mutants, a strong block in the G1-to-S transition (Figures
3D and 3F).
To address the biochemical basis for the partial rescue,
we compared the activity of recombinant CDKA;1 and
CDKB1;1 in the presence of two different cyclins, CYCA2;3
and CYCD3;1. Combinations of both CDKA;1 and CDKB1;1
with CYCA2;3 showed kinase activity in vitro toward the generic
substrate histone H1 and to a lesser degree toward RBR1 from
Arabidopsis (Figure 4E). In combination with CYCD3;1, CDKA;1
showed a stronger kinase activity against Arabidopsis RBR1
than against bovine histone H1. Strikingly, although CDKB1;1
bound to CYCD3;1 in our assay, the resulting complexes
showed no activity against RBR1. In metazoans and yeast,
cyclins, rather than CDKs, have been proposed to provide the
substrate specificity of the CDK-cyclin complexes (Peeper
et al., 1993; Loog and Morgan, 2005). In contrast, substrate
specificity appears to be determined not only by cyclins but
also in a combinatorial fashion between CDKs and their cyclin
partners in plants.
Furthermore, these results demonstrate that CDKB1;1 has the
potential to phosphorylate and inactivate RBR1, although less
efficiently than CDKA;1, in accordance with the incomplete
cdka;1 rescue observed in PROCDKA;1:CDKB1-expressing
plants. The phosphorylation of RBR1 by CDKB1 and the tran-
scriptional repression of CDKB1s by RBR1 results in a double-
negative feedback loop. Currently, it is difficult to assess the
biological relevance of this feedback loop and whether CDKB1
complexes can significantly contribute to the phosphorylation
of RBR1 in planta. It is possible that this wiring contributes to
high and stable kinase activity during S phase. In addition, this
boost of kinase activity might be required in specific develop-
mental contexts, such as root stem cells, perhaps precisely1036 Developmental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevibecause of the dual role of RBR1 in cell-cycle control and cell
differentiation.
CDKB1 Kinases and CDKA;1 Redundantly Control
Embryo and Gametophyte Formation
To test whether CDKB1 kinases act redundantly with CDKA;1
under physiological conditions and are responsible for the
viability of cdka;1 mutants, we isolated CDKB1 T-DNA insertion
mutant lines and combined themwith cdka;1. The singlemutants
cdkb1;1-1 and cdkb1;2-1 (hereafter referred to as cdkb1;1 and
cdkb1;2) are indistinguishable from wild-type plants. The double
mutant cdkb1;1 cdkb1;2 differed little from the wild-type
(Tables 1 and 2), but displayed a partial arrest of the stomata
lineage, leading to arrested stomata guard mother cells (GMCs)
and single guard cells consistent with recently published results
(Xie et al., 2010) (data not shown).
A redundant function of CDKA;1 and CDKB1s was first sug-
gested by CDK inhibitor experiments using roscovitine that is
known to inhibit preferentially CDKA versus CDKB complexes
(Nakai et al., 2006). Monitoring growth of wild-type roots versus
cdkb1;1 cdkb1;2doublemutants over 10dayson agar plates con-
taining 0, 0.5, or 1 mM roscovitine showed that root performance
of both genotypes on plates without the inhibitor was the same,
i.e., 30mm after 10 days. However, while wild-type roots reached
a length of approximately 25 mm and 15 mm at 0.5 mM and 1 mM
roscovitine, respectively, cdkb1;1 cdkb1;2 double mutants were
more sensitive to the dug and grew slower, i.e., approximately
20 mm and 10 mm at 0.5 and 1 mM roscovitine, respectively.
Next, we generated the double mutants cdka;1 cdkb1;1 and
cdka;1 cdkb1;2. Depletion of CDKB1;2 in a cdka;1mutant back-
ground resulted in a reduction of homozygous cdka;1 mutant
seedlings: 3.8% homozygous cdka;1/ from heterozygous
cdka;1+/ (n = 2,060) and 1.0% homozygous cdka;1/ from
cdka;1+/; cdkb1;2/ (n = 1,358). In the progeny of cdka;1+/
cdkb1;1/ mutant plants, no cdka;1/ cdkb1;1/ double
mutants could be recovered (n = 2,440). Similarly, the expression
of nine different artificial micro RNA (amiRNA) constructs target-
ing both the individualCDKB1;1 or bothCDKB1 genes abolished
the formation of viable homozygous mutants in the progeny of
heterozygous cdka;1 mutant plants (data not shown). These
results demonstrate that the residual levels of CDKB1 kinases
are sufficient and necessary to control the mitotic cell cycle in
cdka;1 mutants.
To identify the developmental stage at which the codepletion
of CDKA;1 and CDKB1;1 blocked the development of double
homozygous mutants, we studied seed development in
cdka;1+/ cdkb1;1/ plants in detail. With a frequency of 5%
(n = 588) a new phenotypic class of mutant seeds was discov-
ered displaying a drastic enhancement of the cdka;1 embryo
phenotype. These seeds contained embryos arrested at various
points of seed development (Figures 5A and 5B; Figures S1K–
S1V). The majority of aborting seeds had an underdeveloped
endosperm with embryos arrested at the preglobular stage,
collapsing later during development (Figures S1L, S1M, S1R,
and S1S). In less than 1% of the seeds, the embryos continued
to develop into misshaped structures with extremely enlarged
cells (Figure 5B; Figures S1N–S1P and S1T–S1V).
Although the few-celled cdka;1 cdkb1;1 mutant embryos
could not germinate, the mitotic cell cycle during embryoer Inc.
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Figure 5. Codepletion of CDKA;1 and CDKB1 Kinases Leads to Cell-Cycle Arrest
(A) Wild-type embryos at the bent-cotyledon stage 14 dap.
(B) Some cdka;1 cdkb1;1 mutant embryos grow until seed maturity at 21 dap, forming enlarged cells and aberrant morphology, such as only one cotyledon
(arrowhead in the inset pointing at an isolated embryo).
(C)Mature ovule of thewild-type with a typical cellular morphology (arrowheads pointing to the central cell nucleus, the egg cell nucleus and the two synergid cells
(from top to bottom).
(D) Aberrant embryo sacs in the cdka;1 cdkb1;1 cdkb1;2 triple mutant with one (depicted), two, or four nuclei in the absence of a cellularized egg apparatus.
(E and F) The embryo sac marker line DD19 is expressed in the mature embryo sac, labeling the central cell cytoplasm and nucleus (arrowhead) and lights up
faintly in the egg apparatus at themicropylar pole (asterisk, (E). The single cell with two central cell-like nuclei in cdka;1 cdkb1;1-1 cdkb1;2-1 triple mutant embryo
sacs is labeled by DD19 (arrowheads in F). The egg apparatus is absent at the micropylar pole.
(G andH) DAPI-stainedmature pollen at anthesis in the cdka;1 cdkb1;1 cdkb1;2 triplemutant showing pollenwith one (*), two (**), or three (***, G) nuclei, and pollen
grains with only one single vegetative-like nucleus (H).
(I) The transmission efficiency (TE = (# of F1 individuals)/(# of mutant F1 individuals 3 50%)) of cdk mutants through the female and male germlines. Without
transmission defects, the TE is expected to be 100%. Themale TE is significantly distorted from 100% in cdka;1mutants (a;1), alone or in combination with one or
both cdkb1 (b1;1 and b1;2) mutant alleles (columnmarked with a, as determined by a c2 test for one degree of freedom (c2 > 3.84). The female TE is unaffected in
the cdka;1 mutants, but slightly reduced in the cdka;1 cdkb1;1 mutants and drastically reduced in the triple cdk mutants. Column marked with b indicates
significantly distorted segregation if compared to cdka;1, as determined by a chi-square test for one degree of freedom (chi-square > 3.84).
(J) Functional test of the female gametophyte, correlating the aberrant morphology of triple cdk female gametophytes at 2 dap (inset) with a failure in fertilization.
Scale bars, (A) and (B) 100 mm, (C)–(G), 20 mm, and (H) 10 mm. Insets are 350 mm wide in (B) and 100 mm wide in (J).
See Figure S1.
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Table 2. Pollen Phenotype in cdk Single, Double, and Triple
Mutants
Phenotype Frequency (%)
n
Three
Nuclei
Two
Nuclei
One
Nucleus
Col-0 98 2 0 1,008
cdkb1;1/ 99 1 0 883
cdkb1;2/ 98 2 0 1,025
cdkb1;1/; cdkb1;2/ 98 2 0 1,022
cdka;1+/ 54 46 0 1,254
cdka;1/;proCDKA;1:CDKB1;1 54 46 0 1,110
cdka;1/;proCDKA;1:CDKB1;2 53 47 0 1,076
cdka;1+/; cdkb1;1/ 53 47 0 612
cdka;1+/; cdkb1;2/ 51 49 0 1,244
cdka;1+/; cdkb1;1/;
cdkb1;2/
51 46 3 2,224
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this might be due to redundancy between CDKB1;1 and
CDKB1;2, we created the triple mutant cdka;1/+ cdkb1;1/
cdkb1;2/. Investigation of seed development in these plants
did not reveal any arrested embryos, pointing to a prefertilization
defect in either or both of the gametophytes. Indeed, the trans-
mission efficiency of all three mutant cdk alleles through both
germlines was strongly reduced (Table 1; Figure 5I). Strikingly,
whereas transmission through the female gametophyte was
not affected in single cdka;1 or cdkb1 mutants, the triple cdk
mutant showed a drastic drop of female transmission efficiency
to approximately 15% (Figures 4I and 5I; Table 1).
Next, we investigated female gametophyte (embryo sac) and
male gametophyte (pollen) development in the cdk triple
mutants. Mature wild-type embryo sacs display a characteristic
cellular pattern with a prominent central cell, an egg cell and two
synergids that form the egg apparatus at the micropylar pole
(Figure 5C). In cdk triple mutants, a new class of arrested embryo
sacs was observed that did not occur in any of the single CDK
mutants. These embryo sacs contained one to four free nuclei
that could occupy different positions within the embryo sac,
but mostly formed pairs at the micropylar pole or in the central
embryo sac without a sign of a cellularized egg apparatus (Fig-
ure 5D). These free nuclei closely resembled the central cell
nucleus as supported by the analysis of the embryo sac reporter
line DD19 (Steffen et al., 2007). DD19 expression was activated
in the wild-type just before embryo sac maturation (data not
shown) and subsequently was strongly expressed in the central
cell and weakly in the egg apparatus (Figure 5E). In triple mutant
embryo sacs, DD19 brightly marked the free central-cell-like
nuclei and demonstrated the absence of the egg apparatus (Fig-
ure 5F). Thus, central cell differentiation continues in the triple
mutant despite the cell-cycle arrest. Mutant embryo sacs were
not functional and 2 days after pollination (dap), approximately
40% of the atypical ovules in the cdk triple mutant remained un-
fertilized and subsequently decayed (Figure 5J).
Finally, we analyzed the phenotype of mature pollen at
anthesis in the different mutant combinations. Pollen in single
and double cdkb1 mutants resembled the wild-type with one1038 Developmental Cell 22, 1030–1040, May 15, 2012 ª2012 Elsevivegetative nucleus and two sperm cells, corroborating the domi-
nant role of CDKA;1 during male gametophyte development
(Table 2) (Iwakawa et al., 2006; Nowack et al., 2006). In cdk triple
mutants, we found an additional new pollen phenotype: 3% of
the pollen grains did not divide and formed fully sized unicellular
pollen grains with a decondensed nucleus, resembling that of
a wild-type vegetative cell (Figures 4G and 4H; Table 2).
Conclusions
Taken together, the trinity of A- and B1-type CDKs represents
a stable kinase system important for critical stages of the plant
life cycle. In particular, these three CDKs guide the spores
through gametophyte development and create a remarkably
robust cell-cycle performance during the vulnerable, but crucial
haploid gametophytic life stage. Moreover, our data show that
Cdk1-type PSTAIRE-CDKs underwent divergent functional
differentiation during eukaryote evolution. It seems likely that
an ancestry eukaryotic cell had one kinase regulating both entry
into S and M phase. This function is prevalent in yeast and
remnants can still be detected in animals, where Cdk1 can rule
the complete mitotic cell cycle. Similarly, CDKA;1 likely functions
in both S and M phase control. In animals, additional kinases
(Cdk2, Cdk4, Cdk6) might have then emerged during evolution
and taken over the function of Rb regulation in S phase control
while Cdk1 evolved to the predominant M phase kinase. In
plants, additional kinases, first and foremost CDKBs, emerged
as regulators of M phase while CDKA developed to be the
predominant regulator of S phase entry.
The presence of multiple and specialized CDKs in complex
organisms such as mammals and flowering plants may suggest
that multicellularity leads to an increased demand for a linkage of
cell-cycle activities with developmental decisions, for example
maintenance of stem cell populations via control of Rb homologs
or the control of meiosis (Wildwater et al., 2005; Chen et al.,
2011). Evolution of families of CDKs and cyclins might have
helped to provide a new layer of substrate recognition mecha-
nisms in order to orchestrate and coordinate cell proliferation
with differentiation in organisms with increasingly complex
body architectures.
EXPERIMENTAL PROCEDURES
Material and Growth Conditions
Arabidopsis thaliana (L.) Heyhn. seedlings, Columbia ecotype (Col-0), were
grown on half-strength Murashige and Skoog (0.5 MS, Sigma-Aldrich) agar
plates at 22C or 17C for the indicated time span in vitro, or on soil at 21C
in a growth room. cdka;1 and rbr1mutant alleles used are described (Nowack
et al., 2006; Ebel et al., 2004). We ordered a cdkb1;1-1 (SALK_073457) and
a cdkb1;2-1 mutant (SALK_133560) from the European Arabidopsis Stock
Centre (NASC). All genotypes were determined by PCR as described (Dis-
smeyer et al., 2009) with the primers indicated in Table S1 in the Supplemental
Experimental Procedures.
Microscopy
Analysis of cleared whole mount seeds and ovules was done as described
(Nowack et al., 2006). Roots andmature embryos were stained with propidium
iodide. GFP or YFP fluorescence was analyzed on Leica TCS SP5 AOBS and
Zeiss 710 confocal microscopes. Scanning electron microscopy was per-
formed using a SUPRA 40VP (Zeiss) equipped with a K1250X Cryogenic
SEM. Preparation System (EMITECH). Differential Interference Contrast
(DIC) microscopy was done using a Zeiss Axioimager.er Inc.
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CKS-associated proteins and p13Suc1-associated proteins purified from
300 mg plant extracts were processed for kinase assays as described previ-
ously (Harashima et al., 2007; Harashima and Sekine, 2011) with Histone H1
(Millipore), purified full-length GST-AtRBR1-His6, or HisGST-GPX2 (Pusch
et al., 2011) as a substrate. In the case of recombinant kinases, HisGST-fused
cyclins were coexpressed with Strep-tag III fused CDKs and GST-fused yeast
Civ1p. After CDK-cyclin complexes were eluted from a Ni-NTA column, the
equal amount of CDKA;1 and CDKB1;1 were quantified by western blot with
Strep-Tactin HRP (IBA).
Flow Cytometry
Plant material was chopped in 200 ml of nuclei extraction buffer, and supple-
mented with 800 ml of staining buffer (Cystain UV Precise P kit, Partec,
Mu¨nster, Germany). The suspension filtered through a 50 mm mesh and
analyzed with a CyflowMB flow cytometer (Partec). The results were analyzed
with the Cyflogic software (http://www.cyflogic.com/). The EI was calculated
from the number of cells of each ploidy class with the formula: EI = [(0 3 #
of 2C cells) + (1 3 # of 4C cells) + (2 3 # of 8C cells) + (3 3 # of 16C cells) +
(4 3 # of 32C cells)].
Chromatin Immunoprecipitation
ChIP was performed according to Bouyer et al. (2011). Two-week-old seed-
lings of ProRBR1:RBR1:mRFP growing on 0.5 MS plates were used (Ingouff
et al., 2006). Chromatin was sheared with a Bioruptor sonicator (Cosmo Bio)
twice for 15 min with a 50% duty cycle and high power output to obtain
200 to 1,000 bp DNA fragments. Immunoprecipitation was performed using
DsRed polyclonal antibody (Clontech) together with Protein A-magnetic beads
(Millipore). Negative controls were performed without antibody. DNA was
recovered using Magna ChIP spin filters according to the manufacturer’s
instructions (Millipore). 0.5 ml or 1 ml of a 1/5 dilution ChIP DNA was analyzed
by semiquantitative PCR or quantitative real-time PCR using gene-specific
primers, respectively (see Table S4 in Supplemental Experimental Proce-
dures). Two biological and three technical replicates were performed for
ChIP qPCR using PCNA1 as positive control and heterochromatic region
primers as negative control.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/j.
devcel.2012.02.015.
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